Introduction
Traditionally, catalysis by metal complexes has been based on the metal centre, whereas the ligands bound to it influence its reactivity electronically and/or sterically, but do not interact directly with incoming substrate molecules. However, there are classes of catalysts in chemical and biological processes in which the ligands can cooperate with the metal centre by jointly interacting with the substrate and undergoing reversible bond-making and -breaking processes during substrate activation and product formation [1] [2] [3] . For example, metal-ligand cooperation (MLC) between an amine ligand and an iron centre is thought to be involved in the catalytic mechanism of the enzyme hydrogenase [4] . MLC involving metal-amido metal-amine transformations (scheme 1) [5, 6] takes place in catalytic hydrogenation of polar double bonds [6] [7] [8] [9] [10] .
We have reported a new mode of metal-ligand cooperation involving aromatizationdearomatization processes of pyridine-based pincer complexes derived from PNP and PNN ligands (scheme 2), as summarized in recent reviews [11] [12] [13] [14] [15] , leading to unusual bond activation processes and to novel, environmentally benign catalysis, including hydrogenation reactions of polar double and triple bonds, and several acceptorless dehydrogenation reactions. Applications of acceptorless dehydrogenation reactions in synthesis were recently reviewed [16] . Pincer-type complexes of several transition metals exhibit MLC based on aromatizationdearomatization, including complexes of Ru, Fe, Co, Rh, Ir, Ni, Pd, Pt, Mn and Re, leading to facile activation of various chemical bonds. Upon deprotonation of pyridine-based pincer complexes at the methylenic group, dearomatization of the pyridine core takes place [11] [12] [13] [14] [15] [17] [18] [19] [20] , as judged from crystal structures, which exhibit an exo-cyclic double bond. Activation of chemical bonds (Y-H = O-H, N-H, C-H, B-H, Si-H) by cooperation between the metal and the dearomatized ligand results in ligand aromatization, with no formal change in the oxidation state of the metal (scheme 2). Because the pyridyl complex and the conjugated dearomatized amido complex are quite similar in energy, the bond activation process is often reversible (scheme 2).
In this short review, we exemplify some bond activation processes based on aromatizationdearomatization processes.
Carbon-hydrogen activation based on ligand aromatizationdearomatization metal-ligand cooperation
The dearomatized Ir(I) complex 2, readily obtained by deprotonation of the cationic Ir(I) complex 1, activates the sp 2 C-H of benzene [18] and the sp 3 C-H of acetone [21] to form complexes 3 with concomitant aromatization of the pyridine ring (scheme 3). This process proceeds via an Ir(III) intermediate 4 which was generated and characterized spectroscopically at −70 • C by deprotonation of the cationic complex 5. Upon warming up, proton transfer to the side arm takes place, with aromatization and concomitant reduction of the metal centre to generate complexes 3. C-H activation by MLC can also be effected by Rh(I) [22] . Thus, deprotonation of the neutral Rh(I) pincer complex 6 under argon results in formation of the very reactive, anionic dearomatized Rh(I) complex 7 (scheme 4). 
Hydrogen activation
An example of H 2 activation involving aromatization-dearomatization MLC is as follows. Deprotonation of the Ru(II) pincer complexes 12 leads to the dearomatized, unsaturated Ru(II) complexes 13 (scheme 5). Upon reaction of 13 with excess dihydrogen at room temperature, facile aromatization takes place to quantitatively and exclusively yield the trans-dihydride Ru(II) complexes 14 [17, 20] . In the case of complexes 14a and 14c, the reaction is readily reversible and they slowly lose H 2 at room temperature to regenerate complexes 13a and 13c, respectively, whereas complex 13b is stable at room temperature. Our studies indicate that the mechanism of this reaction does not involve H 2 oxidative addition to the Ru(II) centre; rather, H 2 binds to the vacant coordination site trans to the hydride ligand, followed by proton transfer to the side arm. This bond activation process has led to the development of several ruthenium-catalysed hydrogenation and dehydrogenation reactions [11] [12] [13] [14] 16] , the first ones being alcohol dehydrogenative coupling to yield esters and H 2 [17] , the first example of hydrogenation of esters to alcohols under mild conditions (5 bar H 2 ) [19] , and the unprecedented intermolecular dehydrogenative coupling of alcohols with amines to form amides and H 2 [20] .
Hydrogen addition to Ir(I) actually involves activation by an Ir(III) dearomatized intermediate
Bond activation by MLC involving aromatization-dearomatization might occur even with pyridine-based aromatic pincer complexes, with no obvious dearomatization process taking place. A case in point is presented by the reaction of the PNP-Ir(I) pincer complexes 3 (R = C 6 H 5 , CH 2 COCH 3 ) with H 2 (scheme 6). Unexpectedly, exclusive formation of the Ir(III) trans-dihydride complexes took place, although concerted H 2 oxidative addition was expected to lead to the cisdihydride complex. Surprisingly, when D 2 was used, the D-Ir-H complex 15 was formed with one D atom incorporated in the benzylic position [18] . This suggested the intermediacy of the dearomatized Ir(III) complex 16, formed by proton migration from the side arm. Complex 16 presumably binds H 2 at the vacant site trans to the hydride ligand (intermediate 17), followed by proton transfer from the H 2 ligand to the side arm. In strong support of this, complex 4, (scheme 3), reacts with H 2 to form a trans-dihydride complex analogue of complex 15. Thus, an apparent H 2 oxidative addition to Ir(I) is actually H 2 activation by Ir(III). This is also supported by density functional theory (DFT) calculations [23, 24] which also suggest that adventitious water can catalyse the proton-transfer step by providing 'a bridge' between the metal centre and the pincer arm (scheme 6).
Oxygen-hydrogen activation: a new approach to water splitting
Light-driven splitting of water is a prime goal in energy research. Recently, we found that O-H activation of water by MLC involving aromatization-dearomatization forms a non-traditional, simple scheme for water splitting to H 2 and O 2 , although in a stepwise, stoichiometric manner. Thus, the dearomatized PNN complex 13c readily reacts with water at room temperature, resulting in ligand aromatization to quantitatively form the crystallographically characterized trans-hydrido-hydroxo complex 18 (scheme 7) [25] . Based on DFT studies, this compound is formed by water coordination at the vacant site trans to the hydride, followed by proton transfer to the side arm. This proton transfer is almost barrier-less owing to acceleration by bridging water molecules. Upon heating the hydrido-hydroxo complex 18 in water at 100 • C, H 2 was released and the cis-dihydroxo complex 19 was formed. Importantly, irradiation of complex 19 in the 320-420 nm range resulted in liberation of O 2 with regeneration of complex 18. Thus, a consecutive, stepwise cycle in which H 2 is released thermally, and O 2 is released photochemically was accomplished, using no sacrificial oxidants or reductants (scheme 7). [27] indicate that this process takes place from a dissociative triplet state via singlet-triplet crossing.
Nitrogen-hydrogen activation
N-H activation by MLC was demonstrated with ruthenium and rhodium dearomatized complexes. Upon reaction of the dearomatized ruthenium complex 13b with anilines, coordination takes place, followed by N-H activation by proton transfer to the unsaturated ligand arm, leading to aromatization of the central pyridine ring (scheme 9) [28] . The relative stability of the coordinated and activated anilines depends on the basicity of the amine group. 4-Nitroaniline and 2-chloro-4-nitroaniline give at room temperature stable activated complexes 23, whereas the less electron-poor anilines undergo N-H activation reversibly. The amine-coordinated complex 22 is the thermodynamically preferred complex in the case of electron-rich amines and ammonia. place intramolecularly with one coordinated molecule of ND 3 on one face of the ligand, and suggest that N-H activation of amines may also be stereoselective. DFT studies are in line with the observed experimental N-H activation results. In the case of ammonia, the coordinated NH 3 complex is 6.3 kcal mol −1 more stable than the free complex, whereas the N-H-activated complex is approximately 5.2 kcal mol −1 higher in energy than the starting materials, precluding its direct spectroscopic observation, although it is reversibly formed as the H/D exchange study shows. The activated complex is accessible at room temperature even in the case of isopropylamine [28] . A rare example of amine N-H activation by Rh(I) occurs by MLC involving ligand aromatization [29] . The new dearomatized rhodium pincer complexes 24 undergo facile N-H activation of anilines, with no change in the formal oxidation state of the metal, to form the aromatic complexes 25. As in the case of Ru, the less basic amine groups undergo activation faster, and form more stable compounds, than the more basic ones. The reverse process, N-H bond formation by MLC, was observed by treatment of the anilide complexes with CO or PEt 3 , yielding the free anilines and the corresponding dearomatized Rh(I) complexes 26 (scheme 10).
Our evidence suggests that the N-H activation process is associative (i.e. it does not involve prior L dissociation). The actual N-H activation proceeds via an apically coordinated aniline in a penta-coordinated Rh(I) complex (scheme 11). In line with that pathway, the ancillary ligands trans to the pyridinic nitrogen influence the N-H activation rate, being faster in the case of L = ethylene than with the less strongly bound cyclooctene. 
Boron-hydrogen activation
Upon reaction of the dearomatized ruthenium pincer complex 27 (scheme 12) with pinacolor catechol borane, facile B-H bond cleavage occurred [31] . Unexpectedly, in this case, dehydrogenative addition of the B-H bond across the metal centre and the unsaturated ligand arm took place, with liberation of dihydrogen, resulting in formation of the dearomatized complex 28 in which the boryl group resides on the benzylic arm of the pincer complex. The reaction likely proceeds via initial B-H activation with aromatization, generating the unobserved intermediate 29.
Owing to the Lewis acidic character of the boronic esters, the boryl group forms a bond with the unsaturated arm. This is then followed by H 2 elimination to yield the complex 28. Further insight regarding the dehydrogenative pathway was provided by a DFT study [31] . Based on this B-H activation mode, Ru-catalysed dehydrogenative coupling of boranes with arenes to form aryl boranes was demonstrated [31] .
Summary
Currently, MLC is gaining much interest in bond activation and catalysis. In this short review, MLC, based on aromatization-dearomatization of the pyridine core in pyridine-based pincer complexes, is briefly described; this process provides a new tool for the activation of chemical bonds, and potentially for the design of new catalytic reactions, as has already been demonstrated in the design of a number of environmentally benign reactions. A few examples of bond activation from our work, involving facile activation of H-H, C-H, N-H, O-H (water) and B-H single bonds, including mechanistic aspects, were briefly presented here. Very recently, activation of multiple bonds by this mode of MLC has also been demonstrated, including activation of carbonyl groups [32, 33] , CO 2 [34, 35] and nitriles [36] , which may lead to novel catalytic reactions.
